Neutron star (NS) masses and radii can be estimated from observations of photospheric radiusexpansion X-ray bursts, provided the chemical composition of the photosphere, the spectral colour-correction factors in the observed luminosity range, and the emission area during the bursts are known. By analysing 246 X-ray bursts observed by the Rossi X-ray Timing Explorer from 11 low-mass X-ray binaries, we find a dependence between the persistent spectral properties and the time evolution of the black body normalisation during the bursts. All NS atmosphere models predict that the colour-correction factor decreases in the early cooling phase when the luminosity first drops below the limiting Eddington value, leading to a characteristic pattern of variability in the measured blackbody normalisation. However, the model predictions agree with the observations for most bursts occurring in hard, low-luminosity, island spectral states, but rarely during soft, high-luminosity, banana states. The observed behaviour may be attributed to the accretion flow, which influences cooling of the NS preferentially during the soft state bursts. This result implies that only the bursts occurring in the hard, low-luminosity spectral states can be reliably used for NS mass and radius determination.
bursts are so energetic that the Eddington limit is reached, which causes the entire NS photosphere to expand. This expansion can be seen through time resolved X-ray spectroscopy of the X-ray burst (see e.g., Figure 1 ). Close to the peak flux the photospheric radius expansion (PRE) causes a characteristic decrease of the observed black body colour temperature T bb with a simultaneous increase in the emission area (Hoffman et al. 1980; Grindlay et al. 1980) . These PRE-bursts are a very interesting sub-class of X-ray bursts, because they can be used to constrain NS masses and radii (see e.g., Fujimoto & Taam 1986; Lewin et al. 1993; Özel et al. 2009; Suleimanov et al. 2011a ) and to estimate distances to the bursters (e.g., Kuulkers et al. 2003 and references therein). Accurate mass and radius measurements provide a way to probe the properties of ultra-dense matter found in the cores of NSs through a careful comparison with NS model predictions. Thus, these measurements can be used to determine whether exotic particles, such as hyperons, pion-or kaon condensates, or even de-confined quark matter form when nucleons are compressed beyond their equilibrium nuclear densities (Lattimer & Prakash 2007; Haensel et al. 2007 ).
Most of the NS mass and radius measurements rely on the observation that the X-ray emission comes from the NS surface and that the spectrum can be adequately fitted with a simple thermal black body model (e.g., Galloway et al. 2008; Güver et al. 2012 ). This way the observed colour temperature and flux can be associated with a spherical black body radius R bb (Lewin et al. 1993) . Assuming the entire NS surface is burning during the X-ray burst -and that the entire NS is visible (rather than being obscured by the accretion disc) -then the black body radius is related to the NS radius R through (see Lewin et al. 1993 )
where z is the gravitational redshift and fc is the colourcorrection factor, defined as the ratio of colour temperature Tc and the effective temperature T eff of the photosphere (fc ≡ Tc/T eff ; London et al. 1986 , Madej et al. 2004 , Majczyna et al. 2005 , Suleimanov et al. 2011b , Suleimanov et al. 2012 .
The most commonly used technique to measure NS masses and radii is the so called 'touchdown method' (e.g., Damen et al. 1990 ). It relies on two key assumptions. The first assumption is that at the touchdown point -which is defined as the time t td when the black body radius has a local minimum and the colour temperature has a local maximum (see Figure 1 ) -the luminosity is at the Eddington limit, L Edd , such that
where G is the gravitational constant, M is the NS mass, c is the light speed and κ is the opacity. The second assumption is that the emission area is constant throughout the cooling and that the photospheric colour-correction factor fc asymptotically reaches a constant value of fc ≈ 1.4 (see e.g., Özel et al. 2009 ), which is taken from NS atmosphere model predictions by Madej et al. (2004) and Majczyna et al. (2005) . However, recent NS atmosphere model calculations by Suleimanov et al. (2012) indicate that the both of these assumptions are incorrect. The Eddington luminosity can be up to 10 per cent larger as indicated by Equation (2), because of the Klein-Nishina reduction of electron scattering cross-sections from the commonly assumed Thomson value. Also, the validity of the latter assumption can be robustly checked using the existing observational data. All NS atmosphere models predict that the observer should see changes in the black body radii during the initial cooling phases of (PRE) X-ray bursts. This prediction arises from the fact that fc should decrease when the atmosphere starts cooling and the emitted luminosity drops from the Eddington value (Madej et al. 2004; Majczyna et al. 2005; Suleimanov et al. 2011b Suleimanov et al. , 2012 . The most recent models of Suleimanov et al. (2012) predict that fc is in the range 1.8-1.9 when luminosity is close to the Eddington luminosity L Edd , and then fc decreases to a range 1.4-1.5 by the time the luminosity has dropped to 0.5L Edd . Because the black body radius is proportional to the colour correction factor as R bb ∝ f −2 c , we can test if X-ray burst data indeed follow the model predictions by studying the time evolution of R bb during the initial first few seconds of the cooling phase.
The observed R bb values are known to show variations during the cooling phases. Already in 1986, Gottwald et al. (1986) showed that R bb could vary by a factor of ∼ 2 in X-ray bursts of EXO 0748-676. Similar variations were found in early observations of 4U 1636-536 by Damen et al. (1989) , for 4U 1705-44 by Gottwald et al. (1989) and for 4U 1608-52 by Nakamura et al. (1989) . From early on, the observed R bb variations were attributed to either anisotropic emission, varying emission area, changes in the colour correction factor or a varying photospheric chemical composition (Lapidus & Sunyaev 1985; Sztajno et al. 1987; Damen et al. 1989; Lewin et al. 1993) . As the R bb variations are correlated with cooling time scales, they likely reflect a changing chemical composition of the NS atmosphere from burst to burst (Damen et al. 1989; Bhattacharyya et al. 2010) , which can ultimately be caused by variations of the mass accretion rateṀ onto the NS surface (see Fujimoto et al. 1981) . Although advances have been made in recent years, it is still not clear which of these processes drive the observed R bb evolution (Bhattacharyya et al. 2010; Zhang et al. 2011; Galloway & Lampe 2012; Güver et al. 2012) .
In this paper, we present a new X-ray burst diagnostic to test if and when the NS cooling actually follows the atmosphere model predictions during X-ray bursts. In §2 we first describe the sample of LMXBs we have studied, and how we treated and modelled the observational data. Then in §3 we show that the NS cooling is only consistent with the models when the X-ray bursts take place during the hard, 'island' spectral state of the LMXBs. Because different spectral states in LMXBs are thought to be caused by variations in geometry of the inner accretion disc (see Figure 2 , and Done et al. 2007 for a review), we then show in §4 that X-ray burst spectra are strongly influenced by the accretion flow in the soft, 'banana' spectral state, where X-ray burst cooling behaviour rarely follow the atmosphere model predictions. We therefore propose that the observed R bb trends and variations in the initial cooling phases are driven by the spreading layer (SL; i.e. a boundary layer) that engulfs the NS (Inogamov & Sunyaev 1999; Popham & Sunyaev 2001; Suleimanov & Poutanen 2006; Inogamov & Sunyaev 2010) . Thus, rather than observing a passively cooling NS atmosphere, we instead suggest that we are witnessing an actively accreting NS spreading layer that severely distorts the emitted X-ray burst spectra in the soft spectral states.
OBSERVATIONS AND DATA REDUCTION
We obtained all available Rossi X-ray Timing Explorer (RXTE)/PCA data from the HEASARC archive for each of the LMXBs listed in Table 1 . The sample consists of two LMXB subclasses: atolls (Hasinger & van der Klis 1989) and accreting millisecond pulsars (AMP; Patruno & Watts 2012) . We selected these sources, because they are known to exhibit bright X-ray bursts at a large range of persistent flux levels (Galloway et al. 2008) , thus enabling us to investigate the effect of persistent accretion rate and spectral state of the LMXB on the X-ray burst emission. We did not take bright Z-sources, like Cyg X-2 (e.g., Smale 1998) or GX 17+2 (e.g., Kuulkers et al. 2002) , into the sample because the high accretion rate -and consequently the elevated persistent emission level -in these systems makes it difficult to confidently determine the shape of the burst spectrum in the whole cooling track.
We identified the X-ray bursts using a similar method as in Galloway et al. (2008) . Apart from finding the X-ray bursts already catalogued by them -which covered data from the beginning of the mission until June 3, 2007 -we also detected several additional X-ray bursts observed after this date. We also used similar crite- Figure 1 . Time resolved spectroscopy of two PRE X-ray bursts from 4U 1608-52 illustrating the differences between hard-and soft state X-ray bursts. In panels a) and c), the black line shows the bolometric flux F bb in units of 10 −7 erg cm −2 s −1 (left-hand y-axis). The blue ribbon shows the 1σ limits of the black body normalisation K = (R bb [km]/d 10 ) 2 (inner right-hand y-axis). The red diamonds show the 1σ errors for black body temperature T bb in keV (outer right-hand y-axis). The first black vertical dashed line marks the time of touchdown t td and the second vertical dashed line to the right shows the time t td/2 when F bb has decreased to one half of the touchdown flux. The corresponding F bb and K-values at these times F td , F td/2 , K td and K td/2 are marked with dotted lines. The panels b) and d) show the relationship between the inverse square root of the black body radius (proportional to the colour-correction factor fc) and the black body flux F bb that is scaled using the mean touchdown flux F td . The blue line is a model prediction for a pure hydrogen NS atmosphere with a surface gravity of log g = 14.3, taken from Suleimanov et al. (2012) . The atmosphere model is the same for both b) and d) panels and it is shown here to illustrate how well (or poorly) it follows the observed data. Note that for this particular source F td is strongly variable between bursts making the determination of F Edd non-unique. Note also that because of telemetry issues, there are gaps in the high time resolution data around F td that sometimes make touchdown time t td difficult to determine. ria as Galloway et al. (2008) to check if the X-ray burst showed signs of PRE (see Galloway et al. 2008, §2.3) . If PRE was detected we included the X-ray burst to the analysis presented in this paper. However, during the analysis we had to exclude some bursts because of various technical reasons. For example, for 4U 1608-52 we excluded three bursts: one because t td could not be determined due to telemetry gaps during the burst peak (OBSID: 80406-01-04-08), one because PRE was only marginal (OBSID: 70059-01-08-00) and one anomalous, marginal PRE burst where the touchdown occurs before the burst flux reaches the peak (OBSID: 94401-01-25-02). Similarly for SAX J1808.4-3658 we had to exclude the majority of the bursts that were affected by data gaps. We also did not analyse X-ray bursts that were observed during spacecraft slews, nor the few cases where the PCA data mode was such that the determination of background and persistent emission spectra were not possible.
Altogether we analysed 246 PRE-bursts in our study (see Table A1 ). The RXTE/PCA data were reduced with the HEASOFT package (version 6.12) and response matrices were generated using PCARSP (11.7.1) task of this package. The time resolved spectra were extracted from the Event-mode data using initial integration times of 0.25, 0.5, 1.0 or 2.0 seconds, depending on the peak count rate of the burst (>6000, 6000-3000, 3000-1500, or <1500 counts per second). Then each time the count rate after Figure 2 . An illustration of the assumed accretion geometries for the LMXBs that do not show persistent pulsations. a) In the hard, island state the optically thick and geometrically thin accretion disc is assumed to be truncated at some radius, and the innermost accretion disc is assumed to form a hot, optically thin quasi-spherical flow. b) In the soft, banana state the accretion disc is assumed to reach the NS surface, where a spreading layer (SL) forms that can cover a fraction, or the entire the NS depending on the accretion rate (Inogamov & Sunyaev 1999; Suleimanov & Poutanen 2006; Inogamov & Sunyaev 2010) . Note that in the soft state the accretion disc and the spreading layer also block the 'other half' of the NS from view, whereas in the hard state this may happen only if the truncation radius is near the NS surface and the inclination angle is large. the peak of the burst decreased by a factor of √ 2, the time resolution was doubled to maintain approximately the same signal-tonoise ratio. A 16 second spectrum extracted prior to the start of the X-ray burst was subtracted as the background for each burst (see Kuulkers et al. 2002; Galloway et al. 2008 ). We added standard 0.5 per cent systematic errors to the spectra (Jahoda et al. 2006 ) and paid particular attention to correct for dead-time effects by computing the effective exposure time for each time bin following the approach recommended by the instrument team.
2 These spectra were fitted in XSPEC (Arnaud 1996) in a 2.5 − 25 keV range using Churazov-weighting (Churazov et al. 1996) because some spectral channels had very few counts. However, we note that selecting this weighting was not particularly important as we observed that results were affected only by < 1 per cent compared to the more commonly used √ N weighting (where N is the number of counts in the detector channel). To describe the burst emission, we used a black-body model (BBODYRAD) multiplied by interstellar absorption (PHABS model in XSPEC). The best-fitting parameters were then the black body temperature T bb and the normalisation constant
2 , where d10 ≡ d/10kpc is the distance in units of 10 kpc. We initially let the absorption column density NH to vary, but subsequently fixed it to the mean value over the burst. In the end, the fits using the constant mean NH values were chosen for further analysis in order to minimise the number of free parameters. Different choices for the value of the absorption column densities were also studied but no significant deviations from the mean NH value method was found. Errors of these parameters were taken as 1σ confidence levels, which were obtained with the ERROR task by finding ∆χ 2 = 1. We describe the spectrum of the persistent emission through X-ray colours, which we determine using a similar approach as Done & Gierliński (2003) . Instead of obtaining X-ray colours from X-ray count rates in specific RXTE/PCA detector channels (as is commonly done, see e.g., Galloway et al. 2008 ), we instead computed them from model fluxes using XSPEC. For each RXTE/PCA observation we divided the standard 2 data into segments of 160 seconds. We found the best fitting model using a simple procedure, where we initially started fitting the data with an absorbed POWERLAW model. We continued to add and replace model components (such as GAUSSIAN, BBODYRAD, DISKBB and COMPTT), until finding a model that could not be rejected with a higher than 95 per cent probability. In these fits we always fixed the GAUS-SIAN line energy to 6.4 keV, COMPTT optical depth to τ = 1, the seed photon temperature to the DISKBB temperature (when used together in the same model) and required the hydrogen column density to be within an order of magnitude of the Galactic line of sight column N H,gal , determined using the NH ftool. We also tried to let the COMPTT seed photon temperature be a free parameter as a last resort fit, but in the majority of cases where an acceptable fit were not found before this, even this model did not provide a statistically acceptable fit. In these cases -which were approximately 3.6 per cent of all PCA spectra -we chose to ignore these spectra altogether as the colour-colour diagrams are only used for illustrative purposes. After finding the simplest best fitting model (with the smallest number of free parameters), we computed the unabsorbed fluxes using the CFLUX model in XSPEC in four energy bands: 3-4 keV, 4-6.4 keV, 6.4-9.7 and 9.7-16 keV. We then defined the hard and soft X-ray colours as flux ratios of (9.7 − 16)/(6.4 − 9.7) keV and (4 − 6.4)/(3 − 4) keV, respectively. We also computed the persistent flux Fper from the same best fitting model over the 2.5−25 keV band. This method of computing the X-ray colours has the distinct advantage that it helps to mitigate the effect of interstellar absorption that causes differences the values of the soft colour in different LMXB systems. Also, this method eliminates small errors in X-ray colours due to PCA gain change related variations in energy-to-channel conversions over the lifetime of RXTE.
X-RAY BURSTS DURING DIFFERENT SPECTRAL STATES

X-ray bursts and colour-colour diagrams
Colour-colour diagrams (CC-diagrams hereafter) provide a model independent way to describe spectral evolution of LMXBs. Together with fast variability properties, the CC-diagrams provide the basis for classifying LMXBs into atoll sources and Z-sources (Hasinger & van der Klis 1989). AMPs are typically put into the atoll category (van Straaten et al. 2005) , but they are different from normal atolls as they show persistent pulsations and their CCdiagrams are also distinct. In our sample, we only have atoll sources as they tend to show X-ray bursts in a large range of luminosities. The two intermittent AMPs -HETE J1900.1-2455 (Galloway et al. 2007 ) and Aql X-1 (Casella et al. 2008 ) -are occasionally seen as AMPs, but otherwise behave like normal atolls. The CC-diagrams for the sources in our sample are shown in Figure 3 . The two distinct spectral states of atolls are easily visible in the CC-diagrams. The hard spectral state (top of the CCdiagram) is called the 'island state', whereas the soft state is called the 'banana branch' (Hasinger & van der Klis 1989). As in black hole transients, the hard states tend to be seen when luminosities are low (hence at lower inferred mass accretion rates) and soft states are seen at higher luminosities (see right panels of Figure  3 , and Done et al. 2007 for a review). For each source, the x-axis in the right hand panels of Figure 3 denotes the persistent flux Fper, which is divided by the mean flux of all bursts of a given source at the touchdown point F td . As F td is close to the Eddington flux F Edd , the ratio is approximately Fper/ F td ≈ Fper/F Edd and it can be used as a proxy of the mass accretion rateṀ .
3 However, we note that there are a few sources in our sample where F td shows large scatter (see Fig. 1 and Table A1 ), so the estimate of F td can suffer from up to ∼30 per cent systematic inaccuracy (see also Galloway et al. 2008 for discussion). In addition, Fper is also computed only in limited 2.5 − 25 keV band. In the soft states, when the emission can be often modelled with two black-body like components, most of the flux is emitted in this band, but in hard states Fper can underestimate the bolometric flux by up to a factor of two (Galloway et al. 2008) . Because these large systematics dominate the error budget, we do not display error bars and note that the uncertainty in the Fper/ F td values can be up to factor of two in the hard state.
The X-ray colours that were observed right before the X-ray burst are highlighted with coloured symbols. We used the bottom left area of the CC-diagram as the dividing line below which bursts are referred as soft state X-ray bursts. These bursts are displayed with red diagonal crosses. The hard state bursts at the top of the CC-diagram are denoted with green crosses and the 'intermediate' state bursts that lie in between these two well defined states are shown with blue asterisks. In a few sources, like 4U 1608-52, 4U 1636-536 and 4U 1728-34 , the boundary between the soft and the intermediate bursts is not straight forward to define. In addition, for 4U 1728-34 the boundary between the hard and the intermediate bursts is not well defined either. In these sources the dividing lines were chosen somewhat arbitrarily, but the results, or the conclusions are not affected if a few bursts are moved from one category to the other.
One striking feature seen in Figure 3 is the diversity of bursting behaviour among the sources in the sample. Different sources show PRE-bursts in different regions of the CC-diagrams, and there are various reasons causing the diversity. According to the standard burst theory (Fujimoto et al. 1981; Strohmayer & Bildsten 2006) , steady nuclear burning of hydrogen is thought to produce PRE-bursts in a pure helium layer in the range of Fper/ F td ∼ 0.01 − 0.05, whereas for bursts above Fper/ F td 0.05 fresh accreted hydrogen builds up faster than it can burn to helium, resulting in mixed hydrogen/helium bursts. However, these dividing lines can vary from source to source for several reasons. Because the relative amount of hydrogen and helium influences the burst energetics, one of the main factors causing the diversity of bursting properties is the difference in chemical composition of the accreted fuel between sources. There are two ultra-compact binaries which accrete hydrogen poor gas: 4U 1820-30 (a white dwarfneutron star binary with an 11-minute period, Stella et al. 1987) and 4U 1728-34 (a candidate ultra-compact binary with a possible ∼10 minute orbital period, Galloway et al. 2010) , which sets them apart from the rest of the sources in the sample. Also, as noted by Muno et al. (2004) , another key effect seems to be the NS spin frequency: the 'slowly' spinning systems such as 4U 1702-429 and 4U 1728-34 show PRE burst only (or preferentially) in the hard states, whereas faster spinning sources such as 4U 1636-536 and Aql X-1 show PRE bursts preferentially in the soft states (see also Galloway et al. 2008) . The role of turbulent mixing in the burning layers might be important to explain these differences. According to Piro & Bildsten (2007) , the mixing -which is more effective at higher accretion rates and at smaller NS spin frequencies -can cause helium to burn in steady state, and thus cause the bursting to stop in different parts of the diagrams. These factors might be related to each other, because all the slow-spinning sources for which the composition is known are hydrogen-poor, while all the fastspinning sources are hydrogen-rich (Galloway et al. 2008) . However, a detailed comparison is challenging because we do not know the spin-nor orbital periods for all of the systems in the sample. Furthermore, the sources make spectral state transitions in the samė M range where the bursting regimes are expected to change. This may affect the bursting properties if the accretion geometry changes as illustrated in Figure 2 . The local mass accretion rate (i.e.Ṁ per unit NS surface area), which is important in defining the bursting properties, might change in an opposite way during the transitions as indicated by the globalṀ (see, e.g., Bildsten 2000) . In addition, the presence of dynamically important magnetic fields in the AMP SAX J1808.4-3658 -and to some extent in the intermittent AMPs (Aql X-1 and HETE J1900.1-2455) -influences the accretion geometry, which further complicates the comparison of the bursting behaviour between the sources in the sample.
Although the bursting behaviour is diverse and not necessarily fully understood yet, we can nevertheless investigate how the evolution of the black body normalisation (and thus R bb ) depends on the spectral state the burst occurred, given that a large number of PRE-bursts are detected in different spectral states between the sources in the sample.
A new X-ray burst diagnostic: the K-ratio
Because of the large collecting area of RXTE/PCA and the brightness of the sources in the sample, we can perform time-resolved spectroscopy of the bursts in the initial cooling phases. The most recent models of Suleimanov et al. (2012) predict that the colour correction factor fc should drop from 1.8-1.9 at touchdown to 1.4- Left panels: colour-colour (CC) diagrams for each LMXB in the studied sample. The dotted line indicates the track for spectra consisting of an absorbed power-law, with the spectral index Γ indicated. The hard-and the soft X-ray colours are flux ratios between (9.7 − 16)/(6.4 − 9.7) keV and (4 − 6.4)/(3 − 4) keV, respectively. The colours for the 160 second segments just before the PRE bursts are highlighted with green crosses, red diagonal crosses and blue asterisks for PRE bursts in hard, soft and 'intermediate' states, respectively (the rest are marked with grey dots). Right panels have the same y-axes as left panels, but the x-axes show the persistent flux Fper scaled with the mean touchdown flux F td . Three bursts of 4U 1636-536 are highlighted using diagonal boxes for easier cross-referencing with 1.5 before the flux had dropped to half of it. According to Equation (1) the black body normalisation K ∝ R 2 bb ∝ f −4 c and, therefore, to see when bursts follow this expected behaviour, we devised a very simple diagnostic. We extracted two black body flux and normalisation values from the data for each X-ray burst (see Figure  1) . We first located the touchdown time t td , and the corresponding flux and black body normalisation at touchdown F td (t = t td ) and K td (t = t td ). We then located the same values after the flux had dropped to half of the touchdown flux, i.e. F td/2 (t = t td/2 ) and K td/2 (t = t td/2 ), where F td/2 (t = t td/2 ) = 0.5F td (t = t td ) (we took the values just before flux dropped below 0.5F td ). We then took a ratio of these normalisation values
2 ∝ (fc(t = t td/2 )/fc(t = t td )) −4 because this ratio does not depend on the distance, nor the unknown gravitational redshift. We then plot the K td/2 /K td ratios of all the bursts in the sample as a function of the scaled persistent flux Fper/ F td in Figure 4 . We use the same colour coding as in the CC-diagrams of Figure 3 . In Figure 4 we also show the area where
−4 ratios are consistent with Suleimanov et al. (2012) Figure 3 ) with green crosses, red diagonal crosses and blue asterisks denoting PRE bursts that occur during hard, soft and 'intermediate' states, respectively. Note also that the x-axis is the same as in the right hand side panels of Figure 3 and that the way how K-values in the y-axis are computed is illustrated in Figure 1 . The grey horizontal band denotes the area where K td/2 /K td ∝ (fc(t = t td/2 )/fc(t = t td )) −4 ratio is consistent with Suleimanov et al. (2012) models predictions (see text). The right panel histograms show how bursts in different spectral states are distributed differently on this diagram (hard, soft and 'intermediate' state histograms are marked with a green line, a red dashed line and a blue dash-dotted line, respectively). Only the hard state bursts that take place at persistent fluxes lower than ∼ 3 per cent of the Eddington value are consistent with the model predictions. Those hard state bursts that have K td/2 /K td < 2 are all from two sources: 4U 1728-34 and 4U 1820-30. A few interesting bursts that have significantly lower touchdown fluxes than F td are highlighted with squares, whereas other interesting 'outlier' bursts (with F td F td ) are highlighted using diagonal boxes (see discussion in Section 4.3).
allow the NS photosphere to change composition during the burst, the K-ratios should be in a tight range between ≈ 2.0 − 3.6.
The PRE bursts that occur during hard-and soft states have clearly different K td/2 /K td ratios. We can rule out the possibility that the X-ray burst cooling tracks in these two states come from the same underlying distribution, because the chi-squared test on the hard-and soft state K td/2 /K td histograms gives χ 2 = 66.14 for 19 degrees of freedom (p − value ≈ 4 × 10 −7 ; alternatively the value of Kolmogorov-Smirnov D-statistic is D = 0.705 and p − value < 10 −8 ; see Press et al. 2007 ). The majority of soft state bursts have K td/2 /K td ≈ 1, and only 4 out of 116 of them have K td/2 /K td > 2.
In contrast, about 40 per cent of hard state bursts have K td/2 /K td > 2 and all the hard state bursts that do not follow the model predictions, i.e. that have K td/2 /K td < 2, are from the two ultra-compact sources: 4U 1728-34 and 4U 1820-30. In these two cases at very close to Eddington flux there is a characteristic kink upwards in the F − K −1/4 diagrams, similar to the burst shown in Figure 1 b) , but the behaviour later on is not consistent with model predictions (see also García et al. 2013 , figure 6 ). However, it is not clear why the hard state K-ratios in these hydrogen poor systems are so different from the rest of the sample. The results in Figure 4 nevertheless show that only bursts that occur during the hard state, and occur below ∼ 3 per cent of the Eddington luminosity are consistent with the model predictions.
DISCUSSION
Effects of the accretion flow
If none of the X-ray bursts followed the NS atmospheric model predictions of Suleimanov et al. (2012) , then we would have a strong reason to doubt that some essential piece of physics is still missing from the models (like stellar rotation). However, the results presented in Figure 4 show that this is not the case. We can see that there are a large number of X-ray bursts that fall within the band where they are consistent with the atmosphere models: most of them being bursts that occur during low-luminosity, hard states. Therefore one should rather be asking why, apart from a few outliers, the X-ray bursts in the soft state do not follow the expected cooling behaviour.
The data clearly indicates that the emission area for the soft state bursts remain approximately constant, that is, the K-ratio is K td/2 /K td ≈ 1. This can only be realised if the emitting area and the colour correction factor stay constant during the initial cooling phase (Galloway & Lampe 2012 ). An interpretation of this be-haviour was given in Suleimanov et al. (2011a) , where PRE-bursts of 4U 1724-307 were analysed. This interpretation assumes that the two spectral states are caused by changes in the accretion geometry, which is illustrated in Figure 2 . The origin of the constant black body radius could be related to the spreading layer (SL, Inogamov & Sunyaev 1999 ), but we emphasise that the key point is not the emission produced by the SL itself; it can be determined from the spectrum of the persistent emission moments before the burst and it can be subtracted from the burst emission (as is routinely done in X-ray burst analysis). Rather, the SL changes the X-ray burst radiation spectrum, because the emission from the X-ray burst must pass through this layer before reaching the observer. As the accreted gas enters the SL with roughly Keplerian orbital frequency (always larger than the NS spin frequency), the SL is supported both by centrifugal forces and the radiation pressure force produced by energy dissipation within the SL and by the X-ray burst. This makes the outermost layers of the SL tenuous and, therefore, the resulting radiation spectrum has colour correction factor of about fc ≈ 1.6 − 1.8 for a large range of luminosities from L ∼ L Edd to L ∼ 0.2L Edd (Suleimanov & Poutanen 2006; Revnivtsev et al. 2013 ). In our view, this can explain the irregular cooling behaviour of X-ray bursts in the soft state where the black body radius R bb is constant in the aforementioned luminosity range (i.e. K td/2 /K td ≈ 1). However, the constancy of R bb in the soft state bursts does not mean that we see the entire NS surface, as is commonly proposed (e.g., Lattimer & Steiner 2014) . The R bb can also be constant in the soft state bursts if the SL always blocks a constant fraction (about the half) of the NS from view.
In addition, we speculate that the SL causes also another observable feature in the time evolution of R bb values in the late cooling stages when L 0.5L Edd (see Figure 1d ). According to Inogamov & Sunyaev (1999 , the latitudinal width of the SL depends on the accretion rate and thus the luminosity. However, when an X-ray burst occurs beneath the SL it provides additional radiation support to this levitating layer. When the NS atmosphere starts cooling immediately after the X-ray burst peak and the luminosity starts decaying from the Eddington value, the SL above the NS starts to be less and less supported by the radiation pressure produced by the burst. During the first moments after the X-ray burst, when the luminosity is close to the Eddington value, the SL might cover the whole NS (see Inogamov & Sunyaev 1999, figure  7 ). Over the next few seconds, when the burst luminosity drops towards the level of the persistent emission, the SL may instead cover a smaller fraction of the NS surface. The polar regions of the NS would then be gradually exposed to the observer as the luminosity drops. This polar region would have fc ≈ 1.4, whereas the equatorial regions of the star would still be covered beneath the SL with fc ≈ 1.6 − 1.8. Such uncovering of the NS surface would have the net effect of gradually decreasing the colour correction factor when the burst luminosity drops. We speculate that this might cause the observed R bb variations below ∼ 0.2 F Edd in the burst presented in Figure 1 (d) (see also Poutanen et al. 2014 ). Similar behaviour is seen in the late stages of soft state bursts (and the non-PRE hard state bursts) of 4U 1636-536 (see figure 7 in Zhang et al. 2011) . Future theoretical research towards this direction would be of interest, because if our interpretation is correct in a qualitative sense, then, in principle, these soft state X-ray burst could be used to place constraints on how the latitudinal width of spreading layers depend on the luminosity.
Implications for NS mass and radius measurements
The most profound implication of our result has to do with the NS mass and radius constraints that can be derived from the PREbursts. Apart from rare exceptions (such as the analysis presented in van , there are many examples in the literature where soft state X-ray bursts have been used to make NS massradius estimates (see e.g., Fujimoto & Taam 1986; Sztajno et al. 1987; Özel et al. 2009; Güver et al. 2010a; Güver &Özel 2013) . In addition the hard state bursts of 4U 1820-30, which occur above the ∼ 3 per cent of Eddington threshold, have been used to make mass-radius constraints Güver et al. 2010b ). However, in both cases the data are not consistent with the NS atmosphere model predictions (see also the critical discussion in García et al. 2013 ). There are various studies about the NS equation of state that are at least partly based on these measurements (e.g., Steiner et al. 2010; Özel et al. 2010; Lattimer & Steiner 2014) , which in light of the results presented here need to be revisited. The reason for this statement is simple and holds even if our interpretation of the R bb evolution in soft state bursts is incorrect; it can be seen in the two bursts of 4U 1608-52 shown in Figure 1 Figure 4 also argue that the soft state bursts are not consistent with NS atmosphere models. Previous NS mass-radius constraints are typically obtained from the soft state bursts, using the NS atmosphere models by taking fc ≈ 1.4 in the cooling tail, even if the predictions are not consistent with the data closer to Eddington luminosity. In addition, the hard state bursts are typically excluded from the analysis using ad hoc arguments. This is clearly inconsistent and these 'selection effects' -and their impact on the NS mass-radius estimates -are further highlighted for 4U 1608-52 in Poutanen et al. (2014) .
One clear conclusion comes out of the results presented in this paper. In order to make self-consistent NS mass-radius constraints using PRE-bursts, one must choose only the hard state bursts that occur at persistent flux levels below ∼ 3 per cent of Eddington. However, further improvements into the NS atmosphere models are needed before accurate mass-radius constraints can be obtained. The stellar rotation is not yet incorporated to the Suleimanov et al. (2012) models, but these models are being computed (Suleimanov et al., in prep.) and they will be applied to the hard state bursts presented in this study (these results will be presented in Nättilä et al., in prep.).
Open issues
There are still many unanswered issues in the rich RXTE/PCA data set regarding the behaviour of the bursters. The hard state bursts in the ultra-compact systems, 4U 1728-34 and 4U 1820-30, seem to behave differently with respect to the bursts from the rest of the atoll sources in the sample; the origin for this is not understood at present. It would be interesting to investigate if the behaviour of other ultra-compact systems (see e.g., in't Zand et al. 2007 ) are also different from the atolls with longer orbital periods. However, the K-ratios cannot be easily computed for most of the candidate systems because they either do not show PRE-bursts or the bursts are too faint to resolve the cooling track from F td to F td/2 . A careful comparison with the Z-sources might also be useful. For example, the soft state bursts of GX 17+2 follow the canonical L ∝ T 4 track, which implies K-ratios of K td/2 /K td ≈ 1 (see e.g., Kuulkers et al. 2002, figure 13 ), but, as discussed in Section 2, the intense persistent emission complicates the analysis substantially.
In Figure 4 one can also see various hard state bursts with high K-ratios of K td/2 /K td 3.6. These bursts tend to also be the longest and the most energetic ones. One of the systems showing these bursts is 4U 1608-52 and, as in Poutanen et al. (2014) , we speculate that in these bursts the nuclear burning ashes might have reached the photosphere (Weinberg et al. 2006 ), leading to a lower fc at around half Eddington luminosity, and thus higher K-ratio.
In addition, from Figure 4 it is evident that there are a few interesting 'non-hard-state' bursts that have K-ratios consistent with the Suleimanov et al. (2012) models. Especially the burst #12 from 4U 1636-536 that is highlighted in Figure 4 seems to be a clear outlier. The touchdown flux of F td = (0.409 ± 0.009) × 10 −7 erg cm −2 s −1 for this particular burst is clearly below the mean of 4U 1636-536 F td = 0.69 × 10 −7 erg cm −2 s −1 . It was argued by Galloway et al. (2006) that for this faint PRE burst, the Eddington limit for hydrogen-rich atmosphere was reached, whereas the rest of the PRE bursts reach the Eddington limit for a pure helium atmosphere. However, it is not clear why the presence of the hydrogen layer in this burst causes the K-ratio to be so radically different from the rest of the soft state bursts. By comparing this faint PRE burst to the bursts from other sources in the sample that show similar bi-modality in the F td values, we can see very interesting differences between the sources: -The PRE bursts in the faint F td group of 4U 1608-52 have high K-ratios, likely because they all occur in the hard state below the ∼ 3 per cent of Eddington threshold.
-In contrast to 4U 1608-52, the only hard state PRE burst of Aql X-1 (burst #9) is clearly in the bright F td group, but it still has a high K-ratio. On the other hand, the soft state bursts of Aql X-1 have K-ratios of the order of unity with no apparent dependence between F td (nor Fper), indicating that the lower F td value in the burst #12 from 4U 1636-536 was not the only factor leading to a high K-ratio.
-Also, the faint PRE bursts of 4U 1724-307 (burst #2) and HETE J1900.1-2455 (burst #5) both occur in the soft state and at highest Fper, but they have K td/2 /K td ≈ 1.0.
-Finally, it is also interesting to note that there is absolutely nothing remarkable in the only faint PRE burst of 4U 1735-44 (burst #4) in terms of Fper or its position in the CC-diagram.
The cause for these differences cannot be related to the stellar spin, because both 4U 1608-52 and Aql X-1 are fast rotators with fspin ∼ 600 Hz. Magnetic fields are likely not important either in this respect, because both Aql X-1 and HETE J1900.1-2455 are intermittent pulsars, but still show clear differences in their bursting behaviours. The persistent flux level should not affect either, because the faint PRE burst of 4U 1735-44 (burst #4) takes place at comparableṀ as the burst #12 from 4U 1636-536, but, as noted above, it has K td/2 /K td ≈ 1.0. Perhaps the determining factor is the composition of the accreted fuel, as the ultra-compact binary 4U 1820-30 stands out again as having the stable F td values. Or, alternatively, some favourable combination of these factors might occasionally cause the accretion flow to disturb the NS photosphere to a lesser extent, thus leading to K-ratios which are consistent with the Suleimanov et al. (2012) model predictions. But it must be admitted that it is very hard to draw solid conclusions of this diversity based on the limited sample of bursters we have studied.
The inner hot flow is optically thin in the low-luminosity, hard states and if the disc truncation radius is large enough, we probably always see the entire NS surface during X-ray bursts in this state.
However, the hot flow might also leave its imprint on the observed burst spectra. We have seen that some bursters show a large scatter in the absolute R bb values between different hard state bursts (see also Güver et al. 2012) , although they show the expected increase of R bb values in the initial cooling phases. This effect is not that well visible in the K-ratios that are shown in Figure 4 , because the individual X-ray bursts tend to follow the NS atmosphere model predictions and thus by taking the ratio of the two R bb values, the scatter is cancelled out to some extent. This scatter is especially prominent for the two bursters showing large number of bursts: 4U 1636-536 (Zhang et al. 2011 ) and 4U 1728 -34 (Güver et al. 2012 ), but similar variations are also in seen other systems, like 4U 1608-52 (Poutanen et al. 2014) . It is possible that a fraction of burst photons are up-scattered by the energetic electrons in the hot flow producing a high-energy tail (and at the same time cooling the electrons) thus altering the spectrum of the persistent emission (Ji et al. 2014) . This effect might cause extra spectral hardening of the burst emission and influence fc, and if the properties of the hot flow vary from burst to burst (as seen in the CC-diagrams), then it might cause the scatter in the absolute R bb values. One cannot either rule out that a small, but variable amount of nuclear burning ashes reaches the photosphere in all PRE-bursts (as in the K td/2 /K td 3.6 bursts), leading to burst-to-burst fc variations, which also might cause the observed R bb scatter. However, these possibilities should not be as prominent sources of systematic error in the mass-radius estimates as the spreading layer in the high persistent flux, soft state bursts. Furthermore, the study by Worpel et al. (2013) indicates that the burst spectra are better described statistically if the persistent emission is allowed to vary by letting the 'background' model normalisation vary by a factor fa, where high fa values are interpreted as an increase of the mass accretion rate during the burst. However, it is not yet clear if the simple method used by Worpel et al. (2013) adequately captures the complexity of burst-disc interactions. Indeed, Peille et al. (2014) recently argued that the presence of high frequency quasi-periodic oscillations (QPO) before and during the X-ray bursts, while fa is still above unity, is not consistent with this methodology: the high frequency QPOs are thought to be produced in the inner disc regions, but the high fa values imply that this region would be accreted onto the NS. However, this argument breaks down if the QPOs are associated with the spreading layer as suggested by the Fourier-frequency resolved spectra (Gilfanov et al. 2003) .
These are clearly important issues that should be investigated further because they might affect the NS mass-radius measurements. This means that the applicability of the new atmosphere models -and the 'cooling tail method' in general (Suleimanov et al. 2011a ) -for all the hard state bursts is, therefore, not yet fully clear. These issues are, however, under investigation and they will be addressed in future publications.
SUMMARY AND CONCLUSIONS
We have presented an analysis of 246 X-ray bursts from 11 LMXB systems. Our main finding is that the evolution of the black body radii during the initial cooling phases of X-ray bursts depends on the spectral state and the accretion rate. These differences are seen in the K-ratios, i.e., in the ratio between the black body normalisation at 'half-touchdown flux' and at the touchdown K td/2 /K td . The hard state bursts tend show a characteristic increase of the black body radius in the early cooling phase (K td/2 /K td > 2), which is consistent with NS atmosphere model predictions of Suleimanov et al. (2012) . In particular, we find that only hard state bursts that have persistent fluxes below a critical threshold of about ∼ 3 per cent of the Eddington value follow the NS atmosphere model predictions. Practically all soft state bursts and even hard state bursts from the candidate ultra-compact systems that take place above this critical threshold do not; they instead have K td/2 /K td ≈ 1, which is not consistent with any NS atmosphere model prediction.
This result supports the interpretation of Suleimanov et al. (2011a) , where bursts of 4U 1724-307 were analysed; the accretion flow plays an important role in shaping the energy spectra of Xray bursts. In the soft state the spreading layer that engulfs the NS causes the colour correction factor to have a high, constant value of about fc ≈ 1.6 − 1.8 over a large range of luminosities from the Eddington flux down to a fraction of it. In addition, the spreading layer can also block part of the NS surface from view in the soft state, but not necessarily in the hard state. These two effects together can explain why the black body radii are constant in the soft state bursts and why large differences are seen in the inferred NS radii between hard-and soft state bursts. The results presented here show that this behaviour is ubiquitous among atoll sources.
The effects of the accretion flow are ignored in almost all previous studies that use the soft state bursts to constrain NS masses and radii. Our results indicate that the X-ray bursts in this state are influenced by the accretion flow to such an extent that all previous NS mass-radius estimates need to be revised. This is because the two main assumptions that are used -i.e. fc = 1.4 and the entire NS surface is seen -are not consistent with the data. In fact, disentangling the effects of the accretion flow from the burst emission might be so non-unique and non-trivial that the soft state bursts should not be used to constrain NS masses and radii at all. Rather, they might be better laboratories to investigate the dynamical behaviour of spreading layers. Table A1 . A catalogue of PRE-bursts used in this study. The B# is the burst ID number used in this work and the bracketed (G8#) ID number used in Galloway et al. (2008) is also given for easier cross comparison. The touchdown fluxes F td are in units of 10 −7 erg cm −2 s −1 , whereas the persistent flux is given in 10 −9 erg cm −2 s −1 (1σ errors). HC and SC denote the hard-and the soft colours, respectively. The symbol a highlights the three differences with respect to the Galloway et al. (2008) catalogue: the burst #47 of 4U 1636-536 and the burst #42 of 4U 1728-34 were not classified as PRE bursts by Galloway et al. (2008) 
